The functions of sleep remain an unresolved question in biology. One approach to revealing sleep's purpose is to identify traits that explain why some species sleep more than others. Recent comparative studies of sleep have identified relationships between various physiological, neuroanatomical and ecological traits, and the time mammals spend in rapid eye movement ( REM) and non-REM sleep. However, owing to technological constraints, these studies were based exclusively on animals in captivity. Consequently, it is unclear to what extent the unnatural laboratory environment affected time spent sleeping, and thereby the identification and interpretation of informative clues to the functions of sleep. We performed the first electroencephalogram ( EEG) recordings of sleep on unrestricted animals in the wild using a recently developed miniaturized EEG recorder, and found that brown-throated three-toed sloths (Bradypus variegatus) inhabiting the canopy of a tropical rainforest only sleep 9.63 h d L1 , over 6 h less than previously reported in captivity. Although the influence of factors such as the age of the animals studied cannot be ruled out, our results suggest that sleep in the wild may be markedly different from that in captivity. Additional studies of various species are thus needed to determine whether the relationships between sleep duration and various traits identified in captivity are fundamentally different in the wild. Our initial study of sloths demonstrates the feasibility of this endeavour, and thereby opens the door to comparative studies of sleep occurring within the ecological context within which it evolved.
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INTRODUCTION
The functions of sleep remain a topic of active debate in neurobiology (Siegel 2005; Stickgold 2005; Rattenborg et al. 2007) . Recent comparative studies aimed at revealing clues to the functions of sleep through identifying traits that explain why some animals sleep more than others have revealed relationships between the time captive mammals spend in rapid eye movement (REM) and non-REM sleep and various physiological, neuroanatomical and ecological traits (Siegel 2005; Lesku et al. 2006 Lesku et al. , 2008 Savage & West 2007) . However, because all previous electroencephalogram (EEG) recordings of sleep were performed on captive animals, it is unclear to what extent the unnatural laboratory environment affected time spent sleeping (Bert et al. 1975; Campbell & Tobler 1984) , and thereby the identification and interpretation of informative clues to the functions of sleep (Horne 1988) .
The need for electrophysiological studies of animals sleeping in the wild has been emphasized from the onset of comparative sleep research (Allison 1972; Bert et al. 1975) . Unfortunately, several obstacles have prevented researchers from measuring non-REM and REM sleep in unrestricted animals in the wild. Notably, these sleep states can only be distinguished reliably from one another and wakefulness by measuring changes in the EEG and electromyogram (EMG) activity. However, traditional invasive procedures used to obtain stable long-term EEG recordings from the surface of the brain require general anaesthesia and prolonged post-operative recovery, and are therefore unsuitable for field studies wherein the aim is to measure sleep under the most natural conditions possible. Moreover, until recently, lightweight neurophysiological recording systems that animals could carry easily in the field were not readily available.
We resolved these problems by using a minimally invasive EEG and EMG recording technique developed for use in humans (see methods in the electronic supplementary material) in conjunction with a recently developed miniature neurophysiological data recorder (Vyssotski et al. 2006) . We deployed this technology on wild brown-throated three-toed sloths (Bradypus variegatus) inhabiting the rainforest at the Smithsonian Tropical Research Institute field station on Barro Colorado Island (BCI), Panama. Sloths are particularly interesting because it is commonly believed that they spend an inordinate amount of time sleeping. Indeed, in the only electrophysiological study of their sleep, sloths (B. variegatus) slept 15.85 h d K1 in captivity (Galvão de Moura Filho et al. 1983).
MATERIAL AND METHODS
Three adult female three-toed sloths were caught in the forest canopy in the daytime using a snare pole and brought to the forest floor where they were immediately fitted with the EEG/EMG data recorder (figure 1a), a radio-telemetry collar and an accelerometer (see methods in the electronic supplementary material). After completing the 1 h procedure, the sloths were released at the base of the tree where they were captured. The Smithsonian Tropical Research Institute's animal care and use committee approved this research.
The EEG/EMG was recorded continuously from each sloth for 3.1-5.1 d, for a total of 12.8 d of recording. The state of each sloth was visually scored in 10 s epochs across all 12.8 d of recording, and categorized as wakefulness, non-REM or REM sleep. For figure 2a, time spent in each state was first averaged across the corresponding hours of successive days for each sloth. The hourly means for each sloth were then averaged across all three sloths. Because non-REM and REM sleep were reduced following release for 12 and 24 h, respectively (see results in the electronic supplementary material), data for the first 24 h were excluded. Time spent feeding based on the occurrence of mastication artefacts in the EEG/EMG recording was analysed in a similar manner. A REM sleep episode was defined as a period of REM sleep separated from prior and subsequent REM sleep by more than 5 min of any other state. A sleep cycle was calculated as the cumulative amount of sleep time from the start of one REM sleep episode to the start of the next.
Finally, the activity patterns of two additional adult female three-toed sloths were recorded continuously for approximately seven months (August 2006 -February 2007 via radio collars and the automated radio-telemetry system (ARTS) in place on BCI (see methods in the electronic supplementary material).
RESULTS
The quality of the EEG/EMG recordings remained high throughout the experiment, and each brain state was readily identifiable (figure 1b-d ) and remarkably similar to that described in captive sloths of the same species (Galvão de Moura Filho et al. 1983) . (1983) were captured in the State of Pernambuco, Brazil, where they are now considered to be B. variegatus (see Gilmore et al. 2000; Gardner 2005 ).) Wakefulness was characterized by low-amplitude, highfrequency EEG activity occurring in conjunction with high levels of EMG activity superimposed on the posterior EEG recordings (figure 1b). Sustained periods of wakefulness often included periods of stereotypical rhythmic (1.54G0.03 Hz) high-amplitude bursts of EMG activity that obscured all recordings. In the previous study of captive sloths (Galvão de Moura Filho et al. 1983) , this unique activity occurred in conjunction with rapid mastication during feeding. Consequently, this pattern was scored as wakefulness and used to estimate time spent feeding. During non-REM sleep (figure 1b,c), EMG activity decreased and the EEG showed a progressive increase in amplitude and decrease in frequency. Sleep spindles (8-12 Hz) were also evident. Non-REM sleep always developed simultaneously in the left and right hemispheres. REM sleep was characterized by low-amplitude, mixedfrequency EEG activity ( figure 1b,c) . As in the previous study of sloths, a hippocampal theta rhythm was not observed during REM sleep or wakefulness. EMG activity during REM sleep either declined further from the preceding non-REM sleep level or remained unchanged if the preceding non-REM sleep level was already low. In addition, intermittent brief bursts of EMG activity occurred during REM sleep. This phasic activity often exhibited a distinct pattern similar to that characteristic of mastication, but occurring for much shorter durations and with markedly lower amplitude (figure 1d ). Non-REM sleep preceded episodes of REM sleep.
The 24 h pattern of sleep and wakefulness is shown in figure 2a . The sloths' sleep patterns parallel the activity patterns recorded for a period of seven months with ARTS ( figure 2c; figure 4 of the electronic supplementary material) and in an earlier study of sloths (B. variegatus) on BCI (Sunquist & Montgomery 1973) . Notably, although sleep could occur at any time of the day or night, the sloths were more likely to be awake and feeding ( figure 2a,b) during the first twothirds of the night, and sleeping during the last, a pattern also reflected in the activity plots by the relative absence of activity towards the end of the night. This discrepancy of over 6 h does not appear to be a response to our recording procedure, because the time spent in non-REM and REM sleep was stable starting 24 h after release (see results in the electronic supplementary material). Differences in the age of the animals in the respective studies may have contributed to the difference in sleep duration. Based on size, the 10 sloths (five males and five females) studied in captivity included an unspecified mix of adults and juveniles (Galvão de Moura Filho et al. 1983) . Because juvenile mammals typically sleep longer than adults (Zepelin et al. 2005) , the inclusion of juveniles may have increased the mean sleep duration in the study of captive sloths. Although the influence of age and other factors cannot be ruled out, sloths in the wild may sleep less than sloths in captivity due to increased ecological demands such as the need to forage and monitor the environment for predators.
A fundamental assumption in comparative studies of sleep is that the time spent sleeping in captivity reflects a largely inflexible species-specific need for sleep. However, in a critical assessment of comparative sleep studies, Horne (1988) noted that captive animals may sleep longer than required to fulfil their essential need for sleep because they do not have to forage or remain vigilant for predators. Although additional studies are needed to determine whether mammals in general sleep less in the wild, this potential capacity to extend sleep in captivity is a likely source of noise in comparative studies aimed at identifying traits that predict sleep requirements, especially if traits theorized to be linked to sleep function predict whether some species engage in proportionately more excess sleep than others (Allison 1972; Horne 1988) . In contrast to animals in captivity, animals in the wild are faced with ecological pressures, particularly predation risk (Lima et al. 2005) , that may force them to engage in the minimum amount of sleep required to complete Sleeping outside the box N. C. Rattenborg et al. 403 the functions performed by sleep. Given that such niche-adapted sleep may be more directly related to the need for sleep than sleep in captivity, comparative studies of sleep duration in the wild may be more likely to reveal informative clues to the functions of sleep. Consequently, we contend that the comparative approach to understanding the functions of sleep would benefit greatly from additional electrophysiological studies of animals sleeping in the wild. Such studies would at least alleviate persistent concerns over the functional implications of correlations derived from mammals sleeping in captivity if mammals in the wild spend the same amount of time sleeping. Alternatively, if mammals in the wild sleep less, and presumably closer to their essential need for sleep, such studies may provide novel insight into the functions of sleep. Our initial study of sloths sleeping in the canopy of a rainforest demonstrates the feasibility of this endeavour, and thereby heralds a new age of comparative sleep research.
The Smithsonian Tropical Research Institute's animal care and use committee approved this research.
